Abstract Channel capacity is the prerequisite and basis for the design of a communication system. To assess the impact of a harsh plasma environment on the communication system of reentry vehicles, Shannon's information theory is used to evaluate the channel capacity through the estimation results of the signal-to-noise ratio obtained by the communication link budget method. First, the attenuation caused by the plasma sheath is calculated with a stratified medium finite-difference time-domain method for typical S, C and Ka telemetry frequencies in a typical reentry plasma environment. Thereafter, typical telemetry transceiver parameters are considered to estimate the channel capacity. Results show that the S-band channel capacity is almost zero at the altitude of 30-40 km and the plasma attenuation at the C-band is slightly better. However, the blackout phenomenon remains obvious. The Ka-band signal can penetrate the plasma sheath layer with the smallest attenuation, thus significantly increasing the capacity of the channel and it may thus adequately meet telemetry needs.
Introduction
With the recent launching activities of manned space vehicles and the development and utilization needs of the near space at 20-100 km, the blackout problems caused by the plasma sheath have become obstacles to reliable information transmission for the reentry of hypersonic vehicles [1, 2] . Generally, a plasma sheath is produced around the aircraft because of high-speed friction with rarefied air when the travel speed is higher than Mach 10. The plasma sheath layer absorbs and reflects electromagnetic waves, thus decreasing the penetration of radio waves when the frequency is lower than the plasma frequency. The propagation characteristics, including the attenuation and phase shift of electromagnetic waves, depend on the complex relationship between the plasma electron density or plasma frequency, plasma collision frequency, and incident electromagnetic wave frequency [3−5] . In particular, a substantial attenuation of electromagnetic wave energy will directly affect the signal-to-noise ratio (SNR) of the received signal, thus leading to a significant decline in channel capacity and causing communication interruptions and the blackout phenomenon [6, 7] .
Radio blackout issues have attracted considerable attention from the days of the Apollo missions and the radio attenuation measurement (RAM) project in the 1960s and 1970s [8, 9] . Many inflight and ground experiments have been conducted by NASA and the US Air Force to detect the parameters of the plasma sheath, distinguish the propagation characteristics of signals, and test some potential mitigation methods. However, the morphology and variation of the plasma sheath coupled with chemical reaction and thermodynamic processes have not yet been portrayed meticulously. Furthermore, some alleviation methods are still stuck in the verification stages with unsatisfactory effect or impractical implementation at present, thus leaving this problem unresolved. Some have investigated plasma sheath effects on communication and signal characteristics. Ohler et al. [10] used a general ray-tracing method to investigate the high-speed plasma of a stationary plasma thruster. In their work, a pure-sine temporal density variation model was assumed and high-order harmonics were observed in the received signals. Gao et al. [11] utilized the scattering matrix method to obtain phase noise and investigate its effects on the GPS navigation signals. Yang et al. [12, 13] were found in their work. He et al. [14] focused on the electron density turbulence of the plasma sheath and its dynamical effects on electromagnetic wave propagation and proposed a Markov channel model that uses the parameters extracted from the channel characterization to represent the dynamical effects on communications signals.
However, most previous works consider the aforementioned problem from a time-invariant to timevarying case and from the steady-state effects to dynamic-state effects caused by plasma parameter fluctuation for theoretical communication failure. For engineering applications, this detailed depicted effect on signals is not the most important issue. The most important matter for system designers is the communication performance limitations, such as the maximum attenuation, phase fluctuation scope, and channel capacity caused by the influence of the plasma sheath. Thus, in this paper, we focus on the channel capacity for practical telemetry, tracking, and command (TT&C) systems to describe the limit of reliable communication features. Channel capacity is the most important parameter to consequential communication system design. The plasma sheath attenuation and current capacity of telemetry equipment are considered to assess the channel capacity of reentry vehicles. RAM-C III inflight test data are employed as typical plasma parameters, and Shannon's theory is used to estimate the capacity of the communication channel for typical S, C, and Ka frequencies.
The rest of this paper is organized as follows. Section 2 shows the plasma sheath parameters and electromagnetic wave attenuation calculation method in nonuniform plasma. Section 3 discusses the general Shannon channel capacity estimation method with telemetry link budget for the reentry telemetry channel. Section 4 presents the results of channel capacity under typical telemetry band. Finally, section 5 concludes the paper.
2 Plasma sheath electromagnetic wave attenuation
Plasma electromagnetic parameters
The plasma sheath surrounding reentry vehicles produces a shielding effect similar to a metal, thus leading to a serious attenuation of electromagnetic wave. The attenuation characteristic is closely related to electron density, plasma collision frequency, and incident electromagnetic wave frequency. Assuming that the form of a plane wave is exp jwt , the relative dielectric constant of the plasma sheath ε r (w) can be expressed as follows [15−17] :
where ω p is the plasma frequency (rad/s), ω is the electromagnetic wave frequency (rad/s), n e is the electron density (m −3 ), the mass of an electron is m e = 9.1 × 10 −31 kg, e = 1.6022 × 10 −19 C, the electric constant in free space is ε 0 = 8.8542 × 10 −12 F/m, and υ p is the plasma collision frequency.
The wave number k that occurs when electromagnetic waves propagate in the plasma can be expressed as follows:
in which,
where k 0 = w/c is the wave number in the free space, the real part β is the phase constant, the imaginary part α is the attenuation constant (dB/m), µ 0 is the permeability of a vacuum, ε 0 is the permeability of a vacuum, and c is the velocity of light (m/s).
As the above equation shows, the electron density distribution of the plasma is the most important parameter that is close to a variety of coupled factors such as flight altitude, speed, vehicle shape, and heat-resistant materials. Analytical expressions of this parameter are difficult to obtain from practical inflight testing. Electron density distribution is often obtained from empirical formula or flow field simulations and usually exhibits different non-uniform distribution characteristics. This study uses electron density distribution and collision frequency from RAM-C III reentry vehicle test data [18, 19] as a reference. Fig. 1 is the electron density distribution of a RAM-C III vehicle at different altitudes along the normal direction from the vehicle surface. The curve shape of the electron density distribution and the peak value of the electron density vary largely under different altitudes. The peak electron density varies from 10 16 /m 3 at 76.1 km to the most serious 10 19 /m 3 at an altitude of 30.6 km. The width of the plasma sheath varies from 5 cm at 21.3 km to 14 cm at an altitude of 76.1 km.
Given that plasma is generated by a friction process between air and vehicle surface, increasing the air temperature to some degree is sufficient to dissociate and ionize the air molecules; thus, plasma collision frequency is closely related to electron density and directly related to air density and sheath temperature. This relationship can be expressed as [9] :
where ρ/ρ 0 is the density ratio and T p is the temperature in degrees Kelvin. This equation was derived from a curve fit to the equilibrium results for hightemperature air from Ref. [20] . 2 shows the typical collision frequency of the RAM-C III vehicle with altitudes and temperatures [21] . In the present study, we choose a typical temperature of 2000 K to obtain the typical collision frequency (Table 1). The peak collision frequency varies from 7 MHz at 76.1 km to the most serious 24 GHz at an altitude of 21.3 km. The plasma sheath is a non-uniform and dispersive medium; thus, it is quite difficult to achieve rigorous analytical solutions for the electromagnetic wave propagating in a non-uniform plasma. However, through a simplified manner, the plasma sheath can be approximately modeled by a number of adjacent homogeneous thin plasma slabs according to the electron density distribution profile. In this study, the dynamic stratified medium finite-difference time-domain (DSM-FDTD) algorithm is used to obtain electromagnetic wave attenuation in the plasma sheath [21−24] . Nonuniform plasma sheath is divided into many thin layers, each of them is uniform in itself, and a specific stratified layer structure is shown in Fig. 3 , which was comprehensively described in Ref. [25] . The thickness of each thin layer may largely differ according to the electron density gradient, i.e., higher stratification numbers correspond to thinner slab widths with a large gradient (electron density changes drastically); otherwise, the slab width can be thicker with fewer stratification numbers. For example, the non-uniform density distribution curve with a linear vertical axis of 71 km is divided into 20 layers (Fig. 3) . The gradient in the middle part of the left side of the curve is smaller than elsewhere; thus, layers within 1.2-7 cm are wider than the other thin layers. A dynamic partitioning method at different altitudes is needed according to the specific form of the curve, and previous research showed that approximately 20 layers had sufficient calculation accuracy and more layers improved the calculation results imperceptibly [25] . Each thin layer has a fixed electron density under stratified medium method, and the overall density profile across the whole slab follows any practical distribution function. The complex dielectric constant of the ith layer is prescribed in Eq. (5). The overall attenuation can then be calculated by the classical FDTD alogrithm.
Telemetry equipment in TT&C systems is usually operated in the S/C-band, and a trend toward the Ka-band is found. Therefore, for the evaluation of typical telemetry channel capacity, three typical frequencies, namely, 2 GHz at the S-band, 5 GHz at the C-band, and 31 GHz at the Ka-band, are selected. Fig. 4 presents the radio attenuation of the signal transmitted through the plasma sheath of the RAM-C III vehicle vertically at the three typical frequencies under different altitudes. The results of the stratified medium FDTD agree well with the transmission line analogy method, which is similar to the scattering matrix method elaborated in Ref. [1] . The signal attenuation caused by the plasma sheath at 31 GHz is small, almost less than 3 dB; the signal attenuation is 18 dB at 30.6 km. The 2 GHz attenuation of signals and 5 GHz attenuation are larger than that of 31 GHz, which is over 20 dB at 25.1-53.3 km and even up to 85-122 dB at 30.6 km. The attenuation of 2 GHz is greater than that of 5 GHz at the 25.1-53.3 km interval because the cutoff frequency in this interval is approximately 6 GHz, which is close to 5 GHz (the attenuation with a plasma cutoff frequency is a concave curve, and the maximum attenuation occurs at the cutoff frequency point). 
Telemetry channel for reentry vehicle
From the view of the transmission link other than the detailed channel modeling, the telemetry channel for the reentry vehicle discussed mainly comprises a space radio transmission channel and a plasma sheath channel. As shown in Fig. 5 , the major space radio transmission channel is free-space loss and atmospheric radio attenuation, where atmospheric radio attenuation L A includes atmospheric absorption, cloud loss, rain attenuation, atmospheric scintillation, and depolarization effects. The plasma sheath channel is characterized by plasma attenuation, L p . 
Telemetry link budget
In addition to the above plasma sheath attenuation, many practical parameters are included in the whole space link, and these parameters are important in the SNR estimation by the link budget calculation. The telemetry link parameters include transmitter power P t , signal bandwidth B, transmitting antenna gain G t , receiving antenna gain G r , feeder loss of transmitting antenna L t , feeder loss of receiving antenna L r , free-space loss L f , polarization loss L p , atmospheric radio loss L A , and safety margin S F [26, 27] .
Power of the received signal under traditional link budget
The signals sent from a vehicle transmitter must undergo a series of gains and attenuations. If these link parameters are expressed in dB, the received signal power received by the system is expressed as follows: (6) where the free-space propagation loss is the dominant loss of the radio wave signal. A farther distance from the receiver leads to a weaker received signal per unit area. Free-space propagation loss L f can be expressed as:
where l is the propagation distance for the wavelength represented in km, f is the operating frequency represented in GHz. The free-space loss of the Ka frequency signal is greater than that of the S and L frequencies across the same propagation distance.
Extra equivalent noise temperature
The plasma sheath noise is non-negligible, larger than the traditional system noise for high temperature, and can be defined by equivalent noise temperature. The noise temperature N F in the plasma sheath can be determined as follows:
where T p is the plasma temperature (in K), and T 0 is the room temperature at approximately 290 K. In the plasma sheath environment, the plasma temperature ranges from 1000 K to 5000 K and the noise factor may reach 7-13 dB.
Channel capacity evaluation
The fundamental theory of communication performance limitation is Shannon's theorem in information theory. Shannon's theorem states that given a noisy channel with channel capacity C and information transmitted at a rate R, if R < C, codes will exist that allow the probability of making the error at the receiver arbitrarily small. Thus, information can be transmitted nearly without error at any rate below a limit rate, C. Thus, the channel capacity becomes the most basic and important measure tool for communication performance evaluation and can be used to describe the limits of reliable communication features. To operate in a noisy channel, Shannon's theorem provides the information capacity of the channel (Eq. (9)), which is an upper limit for an additive white Gaussian noise channel:
where SNR is the ratio of signal to noise. In fact, for the reentry telemetry communication link, the plasma channel itself is more complex than the additive white Gaussian noise (AWGN) channel and may contain other multiplicative interference caused by the amplitude and phase modulation effect of the fluctuation characteristic of plasma parameters. This phenomenon will complicate the channel capacity analysis of the reentry telemetry channel. To facilitate this analysis, the complex plasma channel can be simplified as additional plasma attenuation with traditional link budget to estimate the upper limit of channel capacity C p :
where SNR p is the modified ratio of signal to noise and N 0 is the power spectrum of the AWGN.
Typical channel capacity results in plasma sheath
In this section, we will evaluate the channel capacity under the S/C/Ka-band. Given that accurate telemetry device parameters are unavailable, typical telemetry device link parameters under the S/C/Ka frequency band are taken from the survey results from the literature (Table 2) . L f is calculated by Eq. (7) with altitude. The parameters are only typical values that do not correspond to actual devices. By referring to the parameters in Eqs. (6)- (8), the SN R of the receiver and the channel capacity can be estimated by Eq. (10). By taking a typical telemetry signal bandwidth B = 2 MHz and assuming that the ground station is always located directly below the vehicle, the channel capacity of RAM-C III at different altitudes is found from three frequencies (Fig. 6 and Table 3 ). The bandwidth at 31 GHz is still set to 2 MHz to facilitate comparison even though the practical values may be high. As shown above, the channel capacity of the 2 GHz S-band signals deteriorates in the 25.1-47.5 km range, in which it is 34 bps at 39.9 km, i.e., almost unable to transmit useful information, and it is almost zero at 30 km. The plasma attenuation of the 5 GHz C-band signal is smaller than that of the 2 GHz S-band signal, making the channel capacity deterioration smaller in the 25.1-47.5 km range, wherein only 17 bps of valid information can be transmitted at 39.9 km and 0 bps can be transmitted at 30.6 km. The worst case for the S/C-band occurs at 30.6 km.
Subsequently, we investigate the possibility of transmission when the transmit power or bandwidth increases at the S/C-band in the worst plasma environment at 30.6 km. Figs. 7 and 8 illustrate the impact of bandwidth increase on the channel capacity at the S-and C-bands, respectively. As shown in the figures, channel capacity is still unable to reach 1 bps although the channel bandwidth is up to 1500 MHz at the Sband and 4 GHz at the C-band. Furthermore, the capacity will not increase if the bandwidth continues to increase because of noise growth. Fig. 9 shows the effect of transmission power increase on the channel capacity at the S-and C-bands. The channel capacity is still extremely low though the transmission power is increased to 1000 W. Such large transmission power and bandwidth values at the S/C-band are almost impossible in practice, i.e., the existing S/C telemetry channel capacity cannot meet the basic information transmission by increasing the frequency transmission power or channel bandwidth in the worst plasma environment. Although the signal suffers the greatest free-space loss in the Ka-band compared with the other two cases, the plasma sheath layer can be penetrated with almost no attenuation; thus, the overall channel capacity of the Ka-band is adequate for communication needs. In practical systems, the bandwidth of the Ka-band telemetry device may be greater than 2 MHz and the channel capacity will be greater than the above estimation. However, the following problems also need to be addressed in practical applications:
a. The antenna beam at the Ka-band is narrow because of its high frequency, and thus, the carrier capturing and tracking are much more difficult than the traditional S/C-band. The dual-band antenna system may be a better solution up to now, i.e., one wide beam antenna at the S-band to capture and the narrow beam antenna at the Ka-band to track.
b. The Ka-band signal is vulnerable to the effect of rain attenuation. The countermeasure may include avoiding the rain occasions, leaving enough rain attenuation margins, or using an adaptive code rate to reduce the SNR requirement.
Conclusion
In this paper, non-uniform electron density distribution is considered and the collision frequency data of the RAM-C III vehicle are used to calculate the plasma sheath attenuation with a stratified medium FDTD method at different altitudes for typical S, C, and Ka frequencies. The capacity of the reentry telemetry channel is assessed based on the communication link budget method and the classical information theory. The estimated results are summarized as follows:
a. Signals at the S/C-band suffer much more serious plasma attenuation than that at the Ka-band, as a result the channel capacity within the altitude range of 30.6-39.9 km is almost close to zero, which makes communication impossible;
b. The Ka-band signal is subjected to larger freespace attenuation in the absence of plasma, and the channel capacity is less than that of the S-and C-band signals under the same link parameters. However, its signal attenuation caused by plasma is much smaller than the attenuation of S/C-band frequency signals in reentry conditions. Therefore, the channel capacity of the Ka-band is relatively higher and more stable than that of the S/C-band, considering the plasma and link loss simultaneously.
The Ka-band has a greater potential in alleviating plasma blackout problem than the S/C-band from a comprehensive systematic view and has obvious advantages in wide bandwidth applications. Furthermore, acquisition and tracking technology at the Ka-band will be more complex for a narrower beam, and this needs to be addressed in practical applications.
